ABSTRACT: Buried high density polyethylene (HDPE) pipes are often damaged by differential soil settlement. The deformation of the buried pipe as a critical response is widely investigated in previous studies. In this study, a series of full-scale model tests are undertaken to study the deformation of buried HDPE pipes subjected to differential soil settlement. Three HDPE double-wall corrugated pipes with diameter of 300 and 400 mm are installed in the model box at the burial depth of 0.6 m and 0.9 m. Three cross-sections in axial direction of the pipe are instrumented by custom-made settlement plates and strain gauges to monitor the structural responses of the pipe. The results demonstrate that the vertical deflection distribution of HDPE pipes in the longitudinal direction agrees well with the modified Gaussian curve function. The linear regression equations are proposed to correlate the maximum vertical displacement of the pipes with the settlements of the soil surface.
INTRODUCTION
High density polyethylene (HDPE) double-wall corrugated pipes are widely used as the municipal drainage pipe. The destructions of buried HDPE pipes caused by the differential soil settlement are of frequent occurrence in the engineering practice. Under such situation, large deformation of HDPE pipes imposed by the soil settlement is expected to occur.
One of the first items needed to evaluate the responses of buried pipes subject to differential soil settlement is the profile of ground deformation, that is, the variation of ground displacement across the width of the soil settlement zone. O'Rourke (1988) approximates the spatially distributed deformation of ground with the beta probability density function, i.e. y(
tr'-1 (0 < s <1), where x is the distance measured from the margin of soil settlement zone normalized by the width, δ is the peak ground displacement, s m , r' and t are empirical parameters of the distribution. The author indicates that the width of the soil settlement zone has a greater influence on the magnitude of pipe strains than the soil properties. Suzuki et al. (1988) and Kobayashi et al. (1989) approximate the ground deformation across the width of the soil settlement zone by a cosine function raised to a power n, i.e., y = δ(cos (πx/w)) n , where x is the distance measured from the center of the soil settlement zone, δ is the peak ground displacement, w is the width of the soil settlement zone. They point out that a certain width of the soil settlement zone somewhere around 30 m resulted in the largest pipe strain. However, it is difficult to determine values of the empirical parameters used in the above equations (i.e., s m , t and r' in the beta probability density function, and n in the cosine function). Miyajima and Kitaura (1989) investigate the pipe response to spatially distributed permanent ground displacement (PGD) using the Winkler model, and the equilibrium equations for the pipe segments in and outside the PGD zone were established. Gao and Feng (1997) model buried pipes across the soil settlement zone as cubic curves, and derive a close-form solution to analyze the soil-pipe interaction. Iimura (2004) employ the pipe deflection indicators installed on the pipe to monitor the uneven displacement, and propose a simplified formula based on the Winkler model to estimate the stresses at critical locations of the pipe subject to ground settlement. However, the methods mentioned above are based on unrealistic assumption that the displacement of buried pipes completely match with the settlement of the surrounding soil, and the values of the subgrade reaction modulus are taken arbitrarily.
Physical modeling test is an important approach to investigate the structural response of buried pipes subject to differential soil settlement. Hachiye et al. (2002) investigated the effect of differential ground movement on buried pipes using centrifuge model tests at 15 to 60 g acceleration. The authors indicate that the vertical displacement of the model pipe increases gradually to a constant value with increasing the magnitude of the differential soil settlement. Vorster (2005) conducts a series of centrifuge modeling tests under 75 g acceleration to study the pipe response to the tunneling-induced ground movement. In their tests, three types of model pipelines, i.e., two aluminum alloy pipes and one acrylic pipe, with radius/thickness ratios of 21, 12 and 7 are brought into correspondence with the prototype scale.
In this study, HDPE double-wall corrugated pipes with diameter of 300 and 400 mm are installed in the custom-made model box to investigate the deformation of buried HDPE pipes subject to differential soil settlement. The movable plates installed at the bottom of the model box are lowered down at different depths and widths to simulate the differential soil settlement. Vertical displacements of the pipe and settlement of the soil surface are monitored during the tests. The effects of the pipe diameter, buried depth of the pipe, depth and width of the soil settlement zone on the structural responses of HDPE pipes are investigated.
TESTING INSTRUMENTATIONS

Tested pipes
Three HDPE double-wall corrugated pipes (labeled as P1, P2 and P3) with diameter of 300 mm and 400 mm are adopted in the model tests, respectively. The pipe stiffness is determined as 215 kPa using parallel plate loading test (ASTM D2412 2011). The physical parameters of the HDPE pipes are tabulated in Table 1 . 
Backfilling Material
Yangtze River sand is used as the backfill material, and the uniformity coefficient and curvature coefficient of the sand are 2.86 and 0.94, respectively. Based on the Unified Soil Classification System (ASTM D2487 2011), the sand is classified as poorly graded sand (SP). The specific gravity of the sand is 2.65, and the minimum and maximum densities are 1.43 Mg/m 3 and 1.74 Mg/m 3 , respectively.
Instrumentation
The model tests are conducted in a model box with a dimension of 2 m in width, 2 m in length, and 1.5 m in height, as shown in Figure 1 . The side walls of the model box are made of 15-mm-thick polyethylene plates and reinforced by steel frames. Vaseline is placed on the wall of the model box to minimize the effect of the friction between the side wall and the backfill. The bottom of the box is built with eight movable plates, and each is 0.1 m thick, 0.25 m wide and 2 m long. The details of the model box can be found in Wang et al. (2015) . 
Model Testing Methodology
The P1, P2 and P3 pipes are installed in the model box at a buried depth of 0.6 m and 0.9 m from the backfill surface to the centerline of the pipe, respectively. Both ends of HDPE pipes are connected with the walls of the model box by custom-made fixing frames to simulate pipe joints. Three testing profiles 1, 2 and 3 along the longitudinal direction of the pipe are instrumented, as shown in Figure 2 . The custom-made settlement plates and strain gauges are installed to monitor the vertical displacements and strains of the pipe. Earth pressure cells in a range of 0 to 0.2 MPa are also used in the model tests and the results are not presented considering the paper length. To ensure the uniformity of backfilling, the sand is backfilled using a sand pluviation device from a height of 0.7 m, and the sand density obtained is determined as 1.46 Mg/m 3 . The middle four bottom plates of the model box (labeled as #3, #4 #5 and #6) are lowered down step by step to simulate the land ground subsidence. Motion Movement pattern of the bottom plates is shown in Figure 3 . Figure 4 shows the variation in the vertical displacements of the pipes against the lowering of the bottom plates of the model box. It can be seen that the vertical displacements of the P1 pipe are larger than those of the P2 and P3 pipes due its lower bending stiffness and greater burial depth. For instance, when the bottom plates #3 and #6 were lowered down by 50 mm for the sixth time (represented as F in Fig. 4) , the displacement of the P1 pipe at the crosssection 2 (25.8 mm) is 10% and 143% larger than those of the P2 pipe (23.4 mm) and the P3 pipe (10.6 mm), respectively. To obtain a better fit to the observed vertical displacements of the pipes, the modified Gaussian function proposed by Vorster et al. (2005) is used:
RESULTS
Deformation of the pipe
(2) where S max is the maximum vertical displacement; i is the distance measured from the centerline of the pipe to the inflection points of the curve; n is the shape function parameter controlling the width of the profile (i.e. the width of the profile increases with n decreasing); and α is the parameter to ensure that i remains the distance to the inflection point.
It can be seen from Fig. 4 that predicted values of the vertical displacement of the pipes by the modified Gaussian functions match well with the data obtained from the model tests with values of relative error of 5%. Parameters used in Eq. (2) for the P1, P2 and P3 pipes are listed in Table 2 . For all pipes, the value of i increases with lowering down the bottom plates for the second time, fourth time and six time (i.e., the increase in the width of the settlement zone), while it remains constant with lowering down the bottom plates for the third time and fifth time (i.e., the increase in the depth of the settlement zone). It is demonstrated that the position of the inflection point of the pipe deformation curve is only affected by the width of the settlement zone and regardless of the depth. The values of n used for fitting the vertical displacement of the P2 pipe (1.5) and P3 pipe (1.0) are smaller than that used for the P1 pipe (1.8), indicating that the pipe with thinner soil cover or larger bending stiffness produces wider region of influence in the soil. Soil surface settlement Figure 5 shows the variation in the settlement of the soil surface against the lowering of the bottom plates. It can be seen that for each pipe, the settlements of the soil surface measured above the cross-sections 1, 2 and 3 increase with lowering down the bottom plates. Given a certain volume loss at the bottom plates, the soil surface settlements above the P2 pipe are larger than those above the P1 pipe, while the maximum ones are monitored above the P3 pipe. For example, when the bottom plates #3 and #6 were lowered down by 50 mm for the sixth time, the soil surface settlement above the cross-section 2 of the P2 pipe (8 mm) is 23% and 90% larger than those above the P1 pipe (6.5 mm) and the P3 pipe (4.2 mm), respectively. The possible reasons for this phenomenon are as follows: (1) the spread of the soil settlement generated a wider but shallower settlement trough in the soil along the path of propagation; (2) the pipe with larger bending stiffness yielded smaller vertical displacement and decreased significantly the settlement of the soil above the pipe. The linear regression method is used to correlate the maximum vertical displacement of the pipe with the maximum settlement of soil surface, as shown in Fig. 6 . It can be seen that the coefficients of determination (R 2 ) of the fitted linear equations for the P1, P2, and P3 pipes are 0.98, 0.97 and 0.97, respectively. The slope of the fitted linear equation for the P1 pipe (i.e. 4) is 48% and 74% larger than those for the P2 pipe (i.e. 2.7) and the P3 pipe (i.e. 2.3), respectively. 
CONCLUSIONS
The vertical displacement of the pipe increases with the buried depth, while it decreases with the pipe diameter. The position of the inflection point of pipe deformation curve is only affected by the width of the settlement zone and regardless of the depth of the settlement zone. The linear regression equations are proposed to correlate the maximum vertical displacement of the pipes with the settlements of the soil surface.
